Abstract-This letter presents an impedance bandwidth enhancement method for optically transparent meshed patch antennas using a coplanar proximity feed. The antenna design is potentially compatible with solar panel integration. The proposed antenna consists of three meshed patch elements with slightly different sizes, resulting in an improved impedance bandwidth that is approximately 2.5 times as wide as that of a single-element meshed patch antenna.
I. INTRODUCTION
C UBE satellites (CubeSats) are emerging as crucial tools for space exploration. As a CubeSat has a very limited surface area, it is highly valuable to have antennas integrated with solar panels. One such compatible design is a highly transparent meshed antenna [1] . However, a meshed patch antenna, just as its solid counterpart, suffers from narrow impedance bandwidth, which is intrinsic to all microstrip patch antennas [2] . Although most of the CubeSats use very simple communication systems and do not require high bandwidth, a wider bandwidth can be beneficial for extending CubeSat applications to areas where high data rate is essential. Therefore, it is important to explore methods that improve meshed antenna bandwidth.
There have been a wide variety of techniques reported for bandwidth improvement of microstrip patch antennas. Early studies focused on using thicker substrates, substrates with lower permittivity, or wider patch antennas [3] . Several techniques, as concluded by Pozar and Schaubert [2] , can be categorized into three canonical approaches: first, by using a matching network [4] ; second, by introducing multiple resonances [5] ; and third, by introducing loss [6] . In recent years, new methods for increasing bandwidth, such as adopting metamaterial concepts [7] , have been reported. Most of those approaches are not applicable for meshed patch antennas integrated with solar panels due to their special properties. For example, introducing extra loss (e.g., by adding a resistive component [6] it decreases the efficiency of meshed patch antennas, which is already lower than that of regular patch antennas [8] . The metamaterial technique usually involves special patterns on both the patch and ground plane, but it is hard to design such patterns on the meshed patch that has high optical transparency. This letter presents a bandwidth enhancement technique that is achieved through multiple resonances. The design is compatible with solar cell integration. The experimental results show that the bandwidth of the proposed antenna is 2.5 times as wide as that of a single meshed patch element with the same feed configuration. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. satellite consists of a conductive shielding (as part of the satellite's metallic box), solar arrays, and a cover glass (dielectric).
II. ANTENNA STRUCTURE

A. Antenna Geometry and Coplanar Proximity Feed
There are gaps [G in Fig. 1(a) ] between the solar cells, and thus, a regular microstrip line can be placed on top of the cover glass right above one of these gap lines. The microstrip line, even though not transparent, can be used to feed the meshed antennas without casting significant shadows on solar cells. Because of the specific structure of CubeSat solar panels and those gap lines, feeding techniques that employ only a straight microstrip line, such as the proximity feed discussed in [9] and [10] , are better suited for solar-cell-integrated antennas. This type of feeding method is simple and can be conveniently extended for application of antenna arrays. Although one may argue that the antenna can be integrated under the solar cells or next to it and hence does not have to be transparent (e.g., meshed), the focus of this letter is an alternative design where the antenna is placed on top of the solar cells [1] , [11] - [13] , which provides a more flexible integration. The basic building block of the proposed bandwidth enhancement method is illustrated in Fig. 2 , where a square patch antenna is capacitively (as explained in [14] ) proximity-fed by a straight microstrip line. The central line, marked with a dash line in Fig. 2 , of the patch is aligned at half-wavelength from the tip (T in Fig. 2 ) of the open-ended microstrip feedline. The voltage standing wave along the feedline has a maximum that coincides at the patch center and, through coupling across the gap, excites a fundamental resonant current pattern on the patch (illustrated with solid arrows in Fig. 2 ) in the direction perpendicular to the feedline, indicating a linearly polarized radiation in the far field. This feeding principle also allows multiple patches to be coupled together along the same feedline as long as their central lines are aligned at magnitude maximums of the voltage standing wave on the feedline.
Changing the solid patch antenna in Fig. 2 into a transparent meshed antenna yields Fig. 3 . The meshed antenna can be made highly transparent (such as 95% transparency) and can be placed on top of solar cells. Such a meshed antenna operating at Sband or higher will not affect solar cell's functionality much. In order to promote the desired polarization while suppressing its cross-polarization level, the meshed patch antenna can be intentionally designed such that the number of current carrier lines is significantly more than that of equipotential lines. The impedance matching in this design depends primarily on the gap (g in Fig. 3 ) between the patch and the feedline.
B. Bandwidth Enhancement Mechanism
The proposed method to widen the bandwidth in this letter is achieved by using three meshed patches of slightly different sizes (i.e., three slightly different resonant frequencies), as depicted in Fig. 4 . The three antennas use the same feedline, and such a configuration is highly feasible to be implemented on a multi-U CubeSat (i.e., joining two or three 1U CubeSats together, each of which has a dimension of 10 × 10 × 10 cm 3 ) for frequencies higher than S-band. The gaps (g 1 , g 2 , and g 3 in Fig. 4 ) between the meshed patches and the feedline need to be tuned simultaneously in order to achieve a good impedance matching. In addition, it is necessary for all the three patches to generate surface currents in phase, resulting in adding fringing fields. Otherwise, the radiation would be greatly reduced due to sources oscillating in opposite directions. This can be realized when the two adjacent patches are placed on different sides of the feedline.
In the instant, the increasing voltage magnitude, as conceptually illustrated in and decreasing surface currents are induced, via capacitive coupling, flowing in the same direction on both the patches (illustrated with black arrows in Fig. 5 ). The reason for this is that the positive voltage on the feedline pushes positive charges on the upper patch away from the gap side, while the negative voltage pulls positive charges on the lower patch toward the gap side. Thus, the two patches resonate with currents adding in phase, leading to linearly polarized radiation in the far field.
The three patch elements with the capacitive coupling feed in this design may also be placed on the same side of the feedline with one-wavelength distance for appropriate phase alignment, but the proposed configuration shown in Fig. 4 ends up being a more compact design, which is suitable for CubeSat applications. Similarly, meshed patches with inductive proximity feed, as illustrated in [14] , could be placed along either side of the feedline with one-wavelength spacing as well, where the induced currents on the patches would be parallel to the feedline. Although this configuration allows greater patch width and hence probably higher bandwidth, the coupling gap is usually a lot tighter, which demands better simulation resources and stricter prototype tolerance.
III. RESULTS AND DISCUSSIONS
Although in the actual integration with solar cells, a transparent dielectric (e.g., cover glass) will be the substrate for meshed patch antennas, the design philosophy of the bandwidthenhanced meshed antennas is the same for transparent and nontransparent substrates. Therefore, in the current laboratory validation, Roger's RO4003C laminate ( r = 3.55, h = 1.524 mm, tanδ = 0.0021) was chosen to examine the design. As a reference antenna, a single-element square patch with 30 mm side length and 1-mm mesh line thickness, as shown in Fig. 6 , was designed to resonate at about 2.48 GHz and fabricated using a circuit board milling machine. The coupling gap (as g in Fig. 3 ) and the position of the patch with respect to the tip of the feedline were tuned to obtain a good impedance match. Fig. 7 shows the prototype of the triple-element antenna designed for impedance bandwidth enhancement, where the side lengths of the three patches are 30, 30.2, and 30.4 mm, respectively, whereas the mesh lines are all of 1-mm width. The transparencies of these patches, defined as the ratio of the area of the openings within the patch to that of the entire patch, are approximately 70%. This transparency may not be high enough for certain applications from the solar cells' perspective. However, these parameters were chosen for the ease of fabrication using the milling machine, and a very high transparency can be achieved by refining the mesh lines of the patch with a more precise manufacturing facility such as cleanroom fabrication or inkjet printing.
The simulated S 11 curves of both the single-element and triple-element antennas are plotted in Fig. 8 , where it can be observed that the 10-dB bandwidth of the triple-element antenna is about 2.5 times (62.2 versus 24.4 MHz) as wide as that of the single-element one. The S 11 values from the measurement using an Agilent's VNA 8510C, also plotted in Fig. 8 , exhibit a very good agreement (64.4 versus 26.7 MHz) with the simulation results.
In order to examine other radiation properties of the proposed antenna within the operational frequency band (from 2.413 to 2.478 GHz), its radiation pattern and gain were simulated with HFSS and measured with the NSI near-field range at three sample frequencies, i.e., 2.43, 2.45, and 2.47 GHz. The results are plotted in Figs. 9-11 , where it can be seen that the radiation pattern varies with frequency and that the direction of maximum radiation differs. This may be caused by the coupling effect between the closely located patches of the same polarization. Another reason for this could be the use of the square patch element with the assumption that the difference between the halfwavelength patch length and the half-wavelength microstrip line length is negligible. The consequence of this is that the antenna may have fluctuated gain in a given direction for different frequencies. The measured efficiency, together with the gain measured in the normal direction of the antenna's surface, is plotted in Fig. 12 . Therefore, to increase the bandwidth using this design, the consistency of radiation pattern has to be compromised.
IV. CONCLUSION
An impedance bandwidth improvement method for optically transparent meshed patch antennas has been presented. The proposed antenna, composed of three meshed patch elements with a common proximity feedline, is highly integratable with solar panels of small satellites and is especially valuable for CubeSats. The results show that the 10-dB bandwidth of the proposed antenna is 2.5 times as wide as that of the single-element meshed patch of the same transparency. Due to the use of square patch elements and to the coupling effect between them, the radiation pattern varies within the operational frequency band. This tradeoff can be acceptable in applications where a higher bandwidth is the priority.
